Post-earthquake decisions on whether to repair or to demolish and rebuild a dam-5 aged commercial building can be influenced by factors other than repair cost. These 6 factors include the property's ability to generate income and the conditions of the 7 real estate market -factors not currently considered in seismic performance esti-8 mation models. This paper introduces a framework that unifies performance-based 9 earthquake engineering and real estate investment analysis to model cases where 10 repair of damaged buildings is feasible but redevelopment or leaving the building 11 unrepaired and vacant might offer greater economic value. A three-stage approach 12 for quantifying the likelihood of repair, redevelopment, or leaving the property va-13 cant is proposed. First, building seismic performance analysis is conducted using 14 FEMA P-58 and REDi methodologies; then, given repair and redevelopment costs 15 and times, the net present value decision rule is used to evaluate alternative out-16 comes; and finally, the results from the two stages are integrated to quantify the 17 probability of different decisions. An illustrative case study of four reinforced con-18 crete buildings highlights the insights provided by the proposed framework. 1 concrete buildings in the CBD with less than 30% damage ratio (measured by a visual estimate 29 of the building damage expressed as a ratio of repair cost to replacement cost), 56% were de-30 molished, 10% left vacant (pending decision at the time of the study) and only 34% repaired 31 (Kim et al., 2017) . Most of the buildings with damage ratio greater than 30% were demolished.
INTRODUCTION a large earthquake. In addition, no distinction is typically made between decisions for different 124 types of building occupancies -a factor identified as important in post-earthquake demolition is derived from its expected future income. Commercial office and retail properties generate 156 income by leasing out space to tenants (Brueggeman and Fisher, 2001 ). Therefore, the value of According to the NPV rule the investor should: (1) choose the alternative that maximizes NPV 163 out of all the mutually exclusive alternatives, and (2) reject all alternatives with NPV < 0. repair and redevelopment costs can be considered as capital expenditures.
173
Operating cash flows occur regularly throughout the lifetime of the investment and are usu-174 ally assessed on annual basis. The most widely used metric for operating cash flow is the net 175 operating income (NOI), which is determined by subtracting the operating expenses from the 176 effective gross income on the property. The effective gross income is the fully occupied rental 177 revenue, calculated using projected market rental rates and other sources of revenue such as 178 parking and billboards, less the expected vacancy. Operating expenses are ongoing costs asso-179 ciated with management and administration, repair, maintenance, utilities, insurance, and prop-180 erty taxes. Since NOI is a relatively stable metric and is easy to quantify, it is commonly used 181 to empirically determine property yield by taking the ratio between annual NOI and property 182 value.
it occurs once in the DCF, at the end of the investment holding period. The most common 185 approach to calculating the reversion value is the direct capitalization approach, in which the 186 value of the property at the time of sale is determined as the projected NOI the year after 187 the sale divided by the terminal capitalization rate. In real estate investment, capitalization 188 rate, a ratio of current earnings to asset value, is a widely used productivity measure which 189 is analogous to current yield. Projecting terminal capitalization rate, or capitalization rate at 190 the time of resale, can be a challenging task, where in practice it is common to assume that 191 the terminal capitalization rate is similar to or greater than the going-in capitalization rate. A 192 higher terminal capitalization rate is a reflection of the building's tendency to depreciate over Lastly, future cash flows must be discounted to present day dollars by using a compounded 196 discount rate. The discount rate in this case is the required return (or hurdle rate) of the investor
197
and it is a sum of a risk-free interest rate (rates of investments with no default risk) and a risk 198 premium associated with the property. Furthermore, the discount rate accounts for both the cur-199 rent yield and capital growth of the investment, and therefore, it is the sum of the capitalization 200 rate and the projected NOI growth rate (Geltner et al., 2007) . when the value of the building in its current use plus the demolition cost is less than the value 205 of the vacant land (Munneke, 1996) . This is a consequence of the 'highest and best use' (HBU) 206 principal, under which the value of vacant land is estimated as the HBU property value minus 207 the development costs. HBU is defined as "the reasonably probable and legal use of property,
208
that is physically possible, appropriately supported, and financially feasible, and that results 209 in the highest value" (Beckwith, 2010) . It reflects the current and the expected future market 210 conditions and is often a benchmark value for investors. The valuation (i.e. calculation of the 211 present value) of existing and HBU commercial properties can be done using DCF.
212
In a post-earthquake environment, one can expect commercial real estate investors to make 213 decisions according to principals similar to normal circumstances -to maximize their wealth.
214
It should be noted that while the decision rule might remain the same, many of the cash flows 215 will be significantly altered in a post-earthquake environment. A damaged property might need 216 significant capital expenditures to bring it back to an occupiable condition. In addition, the NOI 217 can be significantly altered by a lack of access (Chang et al., 2014), lack of utilities, changes in 218 the rental rates (Perdia and McNaughton, 2014), and tenant relocation (Bond et al., 2012) . Fol-219 lowing a destructive earthquake, the investors' risk perception can also change, a phenomenon 220 observed after the Northridge earthquake, in which temporary and permanent increases in capi-221 talization rates took place (Bleich, 2003) . A reduction in the Bay Area housing prices occurred 222 as a result of changes in the risk perception following the Loma Prieta earthquake (Murdoch 223 et al., 1993). After the Northridge earthquake, it was also observed that commercial properties 224 with high earthquake risk were less likely to be financed through bank loans, thereby reducing 225 capital availability of the investors (Garmaise and Moskowitz, 2009 ).
226
While repair cost will be a significant factor in the owner's decision, since it is often a large 227 capital expenditure, the NPV of different alternatives will ultimately depend on the property's 228 ability to generate future income. This consideration is currently missing from PBEE-based 229 decision rules. The rest of this paper focuses on the proposed framework that attempts to unify 230 the PBEE approach to repair cost and time estimation with the NPV decision rule, in order to 231 model earthquake consequences in a manner that is consistent with real estate decision-making 232 principals.
233

UNIFIED FRAMEWORK FORMULATION
234
The NPV decision rule is a natural continuation of PBEE, where the resultant repair costs and 235 times can be used as inputs into the NPV analysis by considering the repair costs as capital 236 expenditure and the repair times as interruption to income generation. The preferred post-237 earthquake decision on a damaged property would correspond to the one with the highest NPV.
238
With this perspective, NPV is a new decision variable in PBEE analysis. This approach is in line 239 with the decision-making process of real estate investors, who consider not only the required 240 capital expenditures but also the returns that the investment is able to generate.
241
The proposed framework is subdivided into three computational stages: (1) building seismic 242 performance analysis that quantifies building state probabilities and estimates the joint probabil- ability distributions -the probability of being in various building states and the joint probability 282 distribution of loss ratio, repair time, and redevelopment time. In order to quantify these prob-283 abilities, several intermediate variables must be estimated for a given level of shaking intensity 284 (or intensity measure), following the P-58 approach. These variables include engineering de-285 mand parameters such as story drift ratios and peak floor accelerations, residual story drift 286 ratios, and damage states of various structural and non-structural components of the building.
287
During the course of the analysis, the intermediate random variables are marginalized to 288 quantify the probability of being in a particular building state conditioned on the spectral ac-289 celeration at the first-mode period, S a (T 1 ), which is an intensity measure commonly used to 290 predict earthquake building response and damage. The building state is a variable that indi-
291
cates whether a building has no damage, is reparable, or is irreparable following an earthquake.
292
While the building states can be further subdivided into categories such as reparable and safe to 293 occupy or reparable and unsafe to occupy, such differentiations can be captured by adjusting the 294 time to re-occupancy. Therefore, for the purposes for this study, the building states are limited 295 to the three. The building state probability, P (BS i |S a (T 1 )), is represented by a categorical dis- Next, the joint probability distribution of loss ratio (LR), repair time (T R ), and redevelop-305 ment time (T DEV ), conditional on the building state, BS i , and spectral acceleration, S a (T 1 ), is 306 estimated using a combination of P-58 and REDi. Loss ratio is the repair cost expressed as a 307 fraction of the replacement cost of the building and repair time is the time required to bring the 308 damaged building back to a fully functional state, including delay time due to impeding factors.
309
Redevelopment time refers to the time it takes to carry out demolition and build a new structure, 310 also including the delay due to impeding factors. The resultant joint conditional probability dis-311 tribution is denoted as P (LR, T R , T DEV |BS i , S a (T 1 )) and it can be approximated by estimating 312 the joint probability mass function using Monte Carlo techniques. value of the property at the investment holding period N , and r is the discount rate.
If the N P V of repair and redevelopment are less than zero, it is assumed that the owner would 
332
The N OI should be estimated for each year during the holding period, based on the antici- following closure due to earthquake damage will depend on the terms of the lease, for the pur-338 poses of this model it is assumed that no rent is collected during the closure. We expect the 339 N OI of the redeveloped property to be equal to or greater than the repaired property for two 340 reasons. On one hand, the new development will reflect the current market demand such that 341 it will maximize the income. On the other, the repaired building is subject to depreciation due 342 to functional obsolescence that can result in lower rental rates and higher operating expenses
343
(Brueggeman and Fisher, 2001).
344
In this model, the sale price at the holding period, or REV , is determined using the direct 345 capitalization approach as per Equation 3, where R cap T is the terminal capitalization rate. The 346 reversion value of the redeveloped property will tend to be higher than the repaired one, due to 347 a higher N OI and a lower R cap T .
The final variable in Equation 1 is the discount rate, r. In the Real Estate Investment Per-349 spective section, the discount rate was presented as a composition of a risk-free interest rate and 350 the risk premium. It was also discussed that the discount rate is the sum of the capitalization 351 rate and the N OI growth rate, and therefore the discount rate can be approximated by the cap-
352
italization rate under the assumption of zero growth rate. In this model, it is assumed that there
353
is no growth rate in the income and that the capitalization rate stays constant for the duration 354 of the holding period; therefore, the discount rate can be approximated as r = R cap = R cap T .
355
The capitalization rate for the repaired building is expected to be higher, reflecting the risk 356 perception associated with an older building with previous damage (Bleich, 2003) .
357
STAGE 3: INTEGRATION
358
The final stage of the framework integrates the results from Stages 1 and 2 to obtain the marginal 359 probability of repair, redevelopment or leaving the building vacant, conditioned on spectral 360 acceleration. Since the estimated probability distributions are probability mass functions, the 361 marginalization becomes a summation over all values of BS, LR, T R , and T DEV , as in Equation 4.
Currently, the model does not consider uncertainty in real estate market parameters, N OI,
364
to minimize transaction costs. Figure 2 , which shows the probability of a building being in a given 401 or worse building state conditioned on a spectral acceleration, P (BS ≥ bs i |S a (T 1 )). In the 402 figure, the spectral acceleration in normalized by the spectral acceleration of the design basis normalized by spectral acceleration of design basis earthquake, S a,DBE . The order of building states from best to worst is no damage, reparable and irreparable.
Once the building state probabilities are calculated, conditional joint probability distribu- building has a more uniformly distributed probability mass, with a higher probability of large The results can also be visualized as bivariate probability mass functions of loss ratio and 
STAGE 2: NPV ANALYSIS
435
Using the market parameters defined in Table 1 
SENSITIVITY OF BUILDING OUTCOMES TO MARKET PARAMETERS AND
494
OTHER INPUTS
495
The case study demonstrated how the inclusion of market parameters can influence the likeli- velopment, an increase in capitalization rate, vacancy, or a delay due to impeding factors will 517 decrease the NPV, and an increase in rental rate ratio will increase the NPV. Repair is very 518 sensitive to changes in the loss ratio, since it directly affects the CapEx repair , whereas the re-519 development NPV does not depend on the repair cost because demolition is necessary for any 520 loss ratio. On the other hand, the redevelopment rent ratio only affects the redevelopment NPV 521 since it causes changes in the N OI and REV of the redeveloped property.
522
Next, the effect of changes in the loss ratio, rental rate, and capitalization rate on the ultimate 523 outcome of building 8-2003 is investigated. Figure 9a shows how the decision changes as loss 524 ratio and rental rate vary. If the loss ratio is low (<50%), the decision will always be to repair, 525 since the relatively low capital expenditure will be recovered through generated income and sale italization rate), a high loss ratio might cause the owner to redevelop in order to capitalize on 537 the benefits of the new property. However, in a high risk market or when the opportunity cost 538 of capital is high, the returns on the property might not justify the investment needed for repair 539 or redevelopment, and leaving the building as is might be the preferred option.
540
SUMMARY AND CONCLUSIONS
541
This paper proposes a model that unifies seismic building performance assessment and real repair is feasible, but other decisions might yield greater economic value.
551
The illustrative case study showed that incorporating NPV analysis into FEMA P-58, as 552 compared to using P-58 alone, yields lower repair probabilities and higher redevelopment and 
556
The sensitivity analysis showed that in addition to repair cost, post-earthquake decisions are 557 sensitive to real estate market conditions. When capitalization rates are low and rental premiums 558 on redeveloped property are high, redevelopment is the preferred option, while in a depressed 559 real estate market with low rental rates and high capitalization rates, leaving the building vacant 560 can be the financially preferred option. Both of these situations reflect decisions that previous 561 seismic risk assessment models would fail to capture.
562
This novel approach towards modeling decisions on commercial buildings allows for con- corporation of debt and after-tax investment analysis into the framework in order to understand 571 how access to capital and different policies can affect building owners' decisions. In addition, 572 the framework will be extended to a regional level to understand the potential loss in the built 573 environment and subsequent recovery on a community level.
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